This paper presents preliminary results of heat transfer simulations performed in geometrically-accurate-threedimensional model of nuclear fuel canister filled with helium. The numerical model represents a vertical canister, which relies on natural convection as its primary heat transfer mechanism, containing 24 PWR fuel assemblies. The model includes distinct regions for the fuel pellets, cladding and gas regions within each basket opening. Symmetry boundary conditions are employed so that only one-eighth of the package cross-section is included. The canister is assumed to be filled with helium at atmospheric pressure. A constant temperature of 101.7°C is employed on the canister outer surfaces, assuming the canister to be surrounded with water. These conditions of pressure and temperature were considered, in this paper, for comparison purpose with previous work. The effects of buoyancy-induced gas motion and natural convection, along with radiation and conduction through gas regions and solid are considered. Steady state simulations using ANSYS/Fluent were performed for different heat generation rates in the fuel regions. Simulations that include the effect of natural convection and others that do not include this effect are conducted. The peak cladding temperature and its radial and axial locations are reported. The maximum allowable heat generation that brings the cladding temperatures to the radial hydride formation limit (TRH=400°C) is also reported. The results of the three dimensional model simulations were compared to two dimensional model simulations for the same heat generation rate. The results showed that the two-dimensional simulations overestimate the temperature in the canister by almost 70°C.
INTRODUCTION
Used Nuclear Fuel (UNF) assemblies consist primarily of fuel rods containing high radioactive UO2 pellets within tubular shaped zircaloy cladding, held in square arrays by header, footer and periodic spacer plates [1] . Different Boiling Water Reactor (BWR) assemblies consist of 6×6 to 11×11 rod arrays inside zircaloy channels. Pressurized Water Reactor (PWR) assemblies are composed of 14×14 to 17×17 arrays but do not have channels.
Following discharge from the reactor, fuel assemblies are stored underwater, while their radioactivity and heat generation decrease [2] . After appropriate time, the fuel assemblies are loaded from the storage pool into a canister that was earlier placed in a transfer cask and both lowered into the pool. The lid is then installed and the transfer cask is lifted out of the pool, drained and dried [3] . After drying, the canister is backfilled with a non-oxidizing gas, such as helium or nitrogen to a pressure between 3 and 7 atm, then is sealed and the final cover lid is bolted or welded in place. The non-oxidizing gas is used to ensure adequate heat transfer during storage and transport, and provides an inert atmosphere for long-term fuel integrity. The loaded canister is then moved to the dry storage facility on the reactor site for interim storage.
While in storage the UO2 pellets continue to generate heat. The amount of heat generated depends on the UO2's initial enrichment, reactor burn-up, and time spent in the water pool. During all the operations after the used fuel assemblies are removed from water the temperature of the fuel cladding must remain below the temperature limit of 400°C, specified by the Nuclear Regulatory Commission Interim Stuff Guidance 11, revision 3 [4] , for normal conditions of storage, to prevent the formation of radial hydride in the zircaloy claddings and high hoop stress, which may affect the cladding's ductility and suitability for transport and storage [5, 6] . This can limit the heat generation rate of the fuel assemblies that can be stored in a canister. The heat transfer processes inside the fuel assembly/backfill gas regions must be fully understood to accurately predict the maximum cladding temperature for a specified fuel heat load, and the maximum safe fuel heat load.
Finite element thermal models of casks have been used to predict the cladding temperature for different fuel heat generation rates [7] . Multiple simulations are performed to determine the cask thermal capacity, which is the fuel heat generation rate that causes the cladding to reach its temperature limit. In some models, the fuel and basket are replaced by a smeared region with an Effective Thermal Conductivity (ETC) and an effective porosity [8] [9] [10] [11] [12] [13] [14] . Other models use an accurategeometry computational domain where the fuel rods, gas and the baskets are modeled separately [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . These models are used to predict the peak cladding temperature for a given fuel heat generation rate, and the fuel heat generation rate that causes the clad temperature to reach their allowed limits.
Effective thermal conductivities are simplified models that neglect natural convection and some other heat transfer effects such as corner effects. ETC models assume that the heat flux at a location depends only on the temperature and its gradient at that point. For natural convection, however, transport is affected by local velocity, which is affected by temperatures at other locations. Radiation heat transfer at a location is also affected by temperatures at a distance. In general, different ETCs must be used for different fuel assemblies.
The geometrically-accurate models overcome the shortcomings of the ETC models but are difficult to construct and require significant computational efforts. Most of the geometrically-accurate models for the simulation of fuel assemblies loaded in a canister in the literature are two dimensional models [15] [16] [17] or represents only one fuel assembly with an isothermal enclosure [18] [19] [20] [21] [22] [23] [24] [25] . Only few works have considered the three dimensional-geometrically-accurate simulations of transfer cask [26, 27] . Current computational resources allow the use of three-dimensional (3D) models that accurately include the many fuel rods and unheated assembly components within a cask. This paper presents one of the efforts to build a geometrically-accurate-three-dimensional model of a canister. This model represents a canister loaded with 24 Westinghouse PWR used fuel assemblies. It accurately represents 15x15 arrays of fuel rods and helium gas within each basket opening, and the helium-filled gap between basket and canister surface. Our objective is to develop a three-dimensional canister model capable of modeling conduction, radiation, mixed natural and forced convections in forced helium dehydration and temperature jump in vacuum drying. The current objective of this paper is construct and verify the model. Steady-state simulations are performed for a range of fuel heat generation rates with helium at atmospheric pressure and with an isothermal canister outer surface temperature of 101.7°C, which assumes that the canister is under water. Even though this temperature condition is for a conservative condition for the drying process, it was used here to verify the 3D model by comparing it to a previous 2D model [28] . Buoyancy-induced gas motion and natural convective, and radiation heat transfer within the gas-filled regions, as well as conduction in the solid regions, are modeled using the ANSYS/Fluent Computational Fluid Dynamic (CFD) package. Those simulations are compared to stagnant-gas CFD simulations, in the same geometricallyaccurate 3D model to determine the effect of the gas motion. A comparison to the 2D model simulations performed in previous work [28] is also presented. The peak cladding temperatures, their axial locations and the maximum allowable heat generation that brings the cladding temperature to its limit are reported. along the radial axis, so that only one-eighth of the canister crosssection is included. Figure 1b shows the major components of the canister model, which include the fuel rods, aluminum basket, top and bottom cover plates, and heated and unheated sections of the fuel rods. For simplification the support rods and the spacer disks shown in Fig. 1a were not included in the model mesh.
CANISTER NUMERICAL MODEL
In Fig. 1b the region marked by "void" is an open space that extends across the entire length of the canister. The header and footer of the fuel assemblies are replaced in this model with unheated sections of the fuel rods, however the gaps between the rods are kept as gas regions. There is gaps between the unheated fuel rods sections, and the top cover and bottom cover plates of 16.51 mm and 88.09 mm, respectively. All these gas regions are used to enhance the natural convection through the axial direction in the canister. Both top and bottom cover plates are represented with a single solid piece.
The canister outer diameter is 1.70 m and its length is 4.80m. The heated section of the fuel rods represents 76% of the canister total length. The total number of finite volume mesh cells in the one-eighth model is ~57 million. Gas regions where the natural convection occurs are represented by no less than 5 mesh elements in the radial direction. The mesh sensitivity study showed that 4 elements in the radial direction of the gas regions are sufficient. It was not possible to conduct mesh sensitivity study in the axial direction because of the limitation in the number of mesh elements that could be simulated. Figure 2a shows a cross-section-cut of the 3D model material regions along with a detailed view of the mesh. Each assembly consists of a 15x15 array of 10.92-mm outer-diameter rods. Each fuel rod consists of d = 9.58-mm-diameter UO2 pellets surrounded by 0.67-mm thick zircaloy cladding. There are also thirteen hollow zircaloy instrument tubes. The rod center-to-center pitch is 14.43 mm. The square cross-section basket tubes are constructed from stainless steel, and some surfaces are backed by BORAL ® neutron poison plates. The tubes are supported by an aluminum structure. The basket and assemblies are enclosed within a stainless steel canister, and there is a large void space in the upper right of the domain. Figure 2b is a detailed view of one corner of an assembly within a stainless steel basket opening, a BORAL ® plate, and the aluminum support. Figure 1c shows a region at the periphery of the canister, including a 2.29-mm-wide gap between the basket and canister wall. Figure 3d shows the computational mesh within the region shown in Fig. 2b .
NUMERICAL SIMULATIONS AND BOUNDARY CONDITIONS
Steady state simulations were performed using ANSYS/Fluent 15 for different heat loads. These simulations assume uniform heat generation along the axial direction of all UO2 pellets regions, and include conduction within solid and gas regions, and surface-to-surface radiation across all gas regions with surface emissivities of 0.46 for stainless steel and 0.80 for aluminum and zircaloy [29] . Helium at atmospheric pressure is considered as the working gas and a temperature boundary condition is employed on the canister outer surface with TC=101.7°C. These conditions of pressure and temperature represent the conditions of drying, and they were considered in this work for the purpose of comparison with previous 2D simulations [28] performed in the same cross section geometry with these temperature and pressure conditions. This comparison will allow to verify the performances of the 3D model.
In order to investigate the effects of buoyancy induced gas motion and natural convection on heat transfer inside the canister, a comparison between the simulations that include this effect (natural convection simulations) and others that do not include it (conduction simulations) is performed. For natural convection simulations the incompressible ideal gas law is used to calculate density as ρ=PM/RT, where P is the pressure, T is the temperature, and R and M are the universal gas constant and Other 3D conduction simulations are conducted where the end surfaces of the top and bottom cover plates (see Fig. 1 ) are insulated and the results are compared to the conduction simulations with temperature boundary condition on all outer surfaces. These simulations are performed to examine the amount of heat losses from the canister ends.
RESULTS AND DISCUSSION
In this section the results of the 3 dimensional model are presented. Different planes through the model are considered to illustrate the results. Figure 2a and 3 show these different planes:
 Plane1 is the axial-cross-section plane located at the axialcenter of the fuel assemblies, z/LF=0.5, where LF is the fuel rods length.  Plane 2 is the axial-cross-section plane located where the maximum temperature is calculated.  Plane 3 is the radial plane located on the upper boundary of the one-eighth model. It cross the most inner fuel assembly, an outer assembly and the aluminum basket.  Plane 4 is the radial plane that cross the an inner fuel assembly, a neighboring one and the void (see Fig. 1 ). Plane 2 and 3 will be used only for the natural convection simulations.
Figures 4a and 5a show the temperature contours from Plane 1 and Plane 3, respectively, obtained from the 3D conduction simulation (no natural convection) for fuel assembly heat generation rate QF=2291 W/assembly and temperature boundary condition on all the canister outer surfaces of TC=101.7°C. The temperature contour from the 2D conduction model with the same temperature boundary and heat generation rate is very similar to that shown in Fig. 4a but with different scale. Figure  4a shows that there are maximum temperatures within each fuel assembly, but the global maximum is located near the center of the innermost fuel assembly. Figure 5a shows that the maximum temperature is located at the axial center of the innermost fuel assembly, z/LF=0.5.
The solid line in Fig. 6 shows the temperature profile along the r-axis, shown in Fig. 4a , for the 2D model with the same conditions used in that figure. The maximum temperature or peak clad temperature obtained for the 2D model is TPC=336°C, which is lower than the temperature of radial hydride formation considered in the US, TRH=400°C [4] , or the reduced temperature considered in Germany, TRH,R=370°C [30] . The peak temperature of the inner assembly are ~37°C hotter than that of the outer assembly through which the r-axis passes. The temperature within the fuel rods and the solid regions are almost uniform however there are steep gradients in the helium gas regions. The steepest temperature gradient is observed at the peripheral gap between the aluminum basket and the canister inner surface (see Fig. 2c ), located at r≈83 cm. This is because the heat flux through that region is relatively high and the contribution of radiation is relatively low due to the low temperatures in the gap. This gap makes a significant contribution to the total temperature difference between the canister outer surface and the hottest cladding.
In Fig. 6 the temperature profile along the r-axis of Plane 1 obtained from the 3D conduction model is shown by dashed line for the same heat generation rate QF=2291 W/assembly. This profile exhibits the same shape as the 2D conduction model, however they are systematically lower. The temperature gradient at the peripheral gap is smaller than that of the 2D conduction model. Table I gives the temperature differences ΔTPC and ΔTBS. ΔTPC is defined as the difference between the peak clad temperatures of a 3D model and the 2D conduction model. ΔTBS is defined as the difference between the basket outer surface temperatures of a 3D model and the 2D conduction model. Table  I shows that for the 3D conduction model ΔTPC is 4.7 degrees larger than ΔTBS. This indicates that most of the temperature differences between the 3D and 2D conduction models is induced at the peripheral gap. There is less heat crossing the 
FIGURE 5 TEMPERATURE AND VELOCITY CONTOURS FROM THE RADIAL PLANES 3 AND 4 FOR Q F =2291 W/ASSEMBLY. (a) TEMPERATURE CONTOUR FROM THE 3D CONDUCTION SIMULATION (PLANE 3). (b) TEMPERATURE CONTOUR FROM THE 3D NATURAL CONVECTION SIMULATION (PLANE 3). (c) VELOCITY CONTOUR FROM THE 3D NATURAL CONVECTION SIMULATION (PLANE 4).
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peripheral gap in the 3D model, due to the transport of a portion of the heat in the axial direction. Figure 7 shows the peak clad temperature versus the assembly heat generation rate. The temperature limits of radial hydride formation TRH=400°C [4] and TRH,R=370°C [30] are represented by two horizontal lines, respectively. For all the heat generation rates the peak temperatures experienced with the 3D conduction model are systematical cooler than that of the 2D conduction model. The heat generation rate that brings the clad temperatures to the US limit for the 3D conduction model is 3810.6 W/assembly, which is 19% higher than of the 2D conduction model. These results are summarized in Table II . Simulations on the effect of canister top and bottom boundary conditions were conducted using the 3D conduction model with insulated top and bottom cover plates and temperature boundary condition on the curved surfaces of the canister. These simulation are compared to the 3D conduction model with temperature boundary condition on all canister surfaces for the same heat generations rates. The result of the comparison showed that there is insignificant differences between the two models (less than 1°C). The profiles of temperature, the peak clad temperatures and the maximum allowable heat generation rates were nearly identical. The peak clad temperature differences between the two models for a given heat generation rate were less than 0.8°C, which indicates that essentially all the heat generated by the fuel rods leaves from the canister curved sites.
The dashed dotted line in Fig. 7 represents the same results of the 3D conduction model, but with its heat generation rate values multiplied by 0.76, which represents the ratio of the length of the fuel rods to the total height of the canister. When the heat generation rates were reduced, the peak clad temperatures of the 3D conduction model became higher than those of the 2D conduction model. This indicates that most of the heat generated at the fuel rods leaves the portion of the canister peripheral surface that has the same z-coordinates as the fuel rods. It should be noted that the heat generation along the axial direction of the fuel rods is uniform, no peaking factor is used. 3D natural convection simulations are performed in ANSYS/Fluent by activating the gravity and using the noncompressible ideal gas law for the density calculation. Figure 4b shows the temperature contour from Plane 2 where the peak clad temperature is recorded for the heat generation rate QF=2291 W/assembly. The maximum temperature is also located, in this case, in the innermost fuel assembly. The temperatures experienced with the natural convection simulation are systematically lower than those of the conduction simulations for the same heat generation. This is due to the additional transport of heat by natural convection. The maximum or peak cladding temperature for this heat generation is TPC=296°C.
Figures 5b and 5c show the temperature and velocity profiles from radial planes 3 and 4 respectively. The peak clad temperature is located at z/LF=0.99, which is at the top extremity of the fuel rods. The current model does not include fuel assembly headers, footers or spacer plates. It also does not include basket disks. These components increase conduction in the radial direction and inhibit buoyancy induced flow and natural convection. If these components were included, the peak temperature would be located closed to the middle-height of the rods. Figure 5c shows that there is some perturbations of the velocity field along the void region. The temperatures of the canister inner surface are lower than those of the basket surfaces, which causes the helium near the basket surfaces to flow up and that near the canister inner surface to flow down. The maximum velocity in the domain is 1.18 m/s, located at the top end of the void region close to the gap between the upper unheated rods section and the top cover plate (see Fig. 5c ). Figure 6 shows the profile of temperature along the r-axis of Plane 2 for the same condition of Fig. 4 . The temperatures of the fuel assemblies from the 3D natural convection simulations are lower than that of 3D continuum simulations, however the temperatures of the basket near the periphery of the canister are close. Table I shows that ΔTBS for both 3D conduction and natural convection models is very close (within 4°C). However ΔTPC is very different. The flow of helium between the fuel rods, due to the buoyancy effect, tends to decrease the temperature of the fuel assemblies, however the heat flux through the peripheral region between the basket and the canister inner surface is almost the same for both models.
The dotted line in Fig. 7 shows the peak clad temperature versus the assembly heat generation rate QF from the 3D natural convection model. The peak temperatures are lower than those of the conduction models and the difference increase as the heat generation increases. Form Table II the maximum allowable heat generation rate that brings the cladding temperature to the limit used in the US and Germany for the natural convection simulation are 4611 and 4063 W/assembly, respectively, which are around 19% higher than the 3D conduction model.
CONLUSION AND FUTURE WORK
A geometrical-accurate three-dimensional model of a canister loaded with 24 Westinghouse 15×15 PWR fuel assemblies is constructed in ANSYS/Fluent code. Results of simulations representing the canister filled with helium at atmospheric pressure with isothermal boundary condition on all canister outer surfaces are presented. Steady-state simulations that include natural convection and buoyancy induced gas motion effects, and others that do not include these effect are considered. The results of the 3D models were compared to the 2D model simulations.
The results showed that the temperatures within the 3D conduction model (not includes natural convection) were cooler than the 2D conduction model. Insulating the end surfaces of the top and bottom cover plates did not change the temperatures of the fuel assemblies when compared to the temperature condition on all canister outer surfaces. Most of the heat generated by the fuel rods is conducted through the peripheral surface of the canister. The temperatures experienced with the 3D natural convection model were much cooler than the 3D conduction model. The axial location of the maximum temperature was located at the top extremity of the fuel rods due to the enhanced heat transfer by natural convection in the canister. The maximum allowable heat generation that bring the clad temperature to the radial hydride limit was 19% higher than that predicted by the 3D conduction model.
These preliminary results showed that this geometricallyaccurate-three-dimensional model can be employed to accurately simulate the heat transfer in the canister under different conditions.
Future work Helium and nitrogen at pressure between 3 and 7 atm will be considered as working gases. Non-uniform heat generation along the axial direction of the fuel rods will be implemented. Future work will also include spacer disks and supporting rods in the canister. Forced helium dehydration and vacuum drying process will be simulated.
